Progressive "dying back" neurodegenerative diseases are debilitating due to loss of connectivity after nerve terminal and axonal withdrawal, which impairs peripheral nerve function and leads ultimately to neuronal cell death. The mutant mouse (Wallerian degeneration slow; Wld s ) provides an accessible model system to understand orthograde and retrograde degeneration, because in these mice axotomy induces slow, progressive withdrawal of nerve terminals from motor endplates. Axon degeneration itself is about 10 times slower than in wildtype mice. We describe an organ culture paradigm that permits direct observation of the progressive changes in morphology of neuromuscular junctions in Wld s mutant mice. Normal nerve terminal and motor endplate morphology were maintained at most Wld s neuromuscular junctions for up to 72 hr in vitro. At others, synaptic boutons were removed from postsynaptic junctional folds in piecemeal fashion, as observed in adults in vivo. By contrast, nerve terminals degenerated rapidly and synchronously in wild-type muscle cultures, resembling Wallerian degeneration in vivo. These observations confirm that in Wld s mice, axotomy triggers a mechanism of nerve-terminal withdrawal that seems qualitatively different from that in wild-type animals. The piecemeal dismantling of presynaptic terminals resembles that occurring during neonatal synapse elimination. Organ cultures of neonatal Wld s muscle maintained for 1-2 days in vitro also showed no evidence of synaptic terminal degeneration, but elimination of polyneuronal innervation progressed in vitro at approximately the same rate as in vivo. Taken together, the data suggest that both natural and axotomy-induced forms of synapse withdrawal may be accessible to continuous observation and analysis, in organ-cultures of Wld S mouse muscles. This offers several advantages over repeated visualization of synaptic remodeling that has thus far been possible only in vivo.
Many neurodegenerative diseases are progressively debilitating. An emerging view is that the decrease in neurologic function may be due primarily to the loss of connectivity, which occurs before neuronal loss. Neurodegeneration may comprise at least three different processes, regulating the loss of neuronal cell bodies, axons, and nerve terminals, respectively (Raff et al., 1994; Gillingwater et al., 2002) . Protecting nerve axons and terminals, therefore, may be a strategy at least as important as rescuing neuronal cell bodies for the treatment of neurodegenerative diseases (Raff et al., 2002) . Current models and experimental data in this area are sparse. Experiments on a model of dying back neuropathy (progressive motor neuropathy; pmn) in mice, however, have demonstrated that neuronal death can be prevented by the antiapoptosis gene bcl-2, but this has no effect upon axonal loss, disease progression, or the ultimate death of the animal (Sagot et al., 1995) . It is therefore important to identify methods and strategies that protect distal fragments of neurons (i.e., axons and synapses).
The mouse mutant, Wallerian degeneration Slow (Wld S ) provides unique opportunities to elucidate mechanisms of nerve terminal and axonal loss after peripheral nerve injury and in neuropathies or neurodegenerative diseases. In this mouse, injured, distal axonal stumps and terminals persist and function for up to 3 weeks, compared to 24 -48 hr in normal mice and rats (Miledi and Slater, 1970; Winlow and Usherwood, 1975; Lunn et al., 1989; Ribchester et al., 1995a ; reviewed by Gillingwater and Ribchester, 2001 ). The Wld S genotype has been mapped to an 85-Kb tandem triplicate repeat on the distal end of chromosome 4 (Lyon et al., 1993; Coleman et al., 1998; Mack et al., 2001) . Transgenic expression of the chimeric gene confers slow Wallerian degeneration in mice (Mack et al., 2001 ) and rats (R.R. Ribchester, personal communication) . Remarkably, motor nerve terminals and axons are maintained differentially; although severed distal axons are preserved routinely for up to 3 weeks, most terminals normally survive for 4 -10 days (Ribchester et al., 1995a) . Moreover, the protective effect of the Wld S gene on neuromuscular synapses is gradually lost as animals mature, although it is recapitulated in mature adult mice after nerve injury and regeneration, as distal axon and terminal once again become resistant to Wallerian degeneration (Gillingwater et al., 2002) . These observations have led to the proposal that neuronal cell bodies, axons, and synapses degenerate via independent, compartmentally organized molecular mechanisms, regulated by caspase-dependent and -independent processes (Coleman and Perry, 2002; Gillingwater et al., 2002; Raff et al., 2002) .
Significant advances have been made over the past 20 years in the repeated visualization and monitoring of synaptic structure in vivo (Lichtman and Fraser, 2001) . Surgical methodology and systemic effects, however, can limit the usefulness of these models. Nerve and muscle co-cultures have provided useful information (Lanuza et al., 2000; Li et al., 2001 ), but in this case are limited by the de novo nature of the synapses formed. The survival of isolated distal nerve stumps and the delay in Wallerian degeneration in Wld s mice provides an opportunity to visualize synaptic degeneration and remodeling in vitro, at intact neuromuscular junctions. We present data showing that Wld s motor nerve terminals were maintained in organotypic culture but underwent piecemeal withdrawal of motor nerve terminals, similar to that described in adults in vivo (Gillingwater et al., 2002) . By comparison, cultures from wild-type mice showed rapid Wallerian degeneration within 24 hr. Moreover, cultures from neonatal muscles showed no degeneration within 48 hr, but synapses continued to be eliminated from polyneuronally innervated (but not mononeuronally innervated) neuromuscular junctions. We suggest that study of nerve and muscle organ cultures from Wld s mice will provide links between degenerative and natural developmental processes, leading to advances in our understanding of neurodegenerative diseases, including motor neuron and Alzheimer's disease (Selkoe, 2002) , and in "dying back" neuropathies such as those induced by alcohol and diabetes.
MATERIALS AND METHODS

Wld s Mice
Experiments were carried out using mice of the C57Bl/ Wld s strain, drawn from a breeding colony of mice maintained at the University of Leeds, and obtained originally from HarlanOlac (Bicester, UK). The wild-type strains (normal degeneration used as controls in the present study) were C57Bl/6 for immunocytochemistry and electron microscopy, and CBA for silver staining. Mice were sacrificed by CO 2 inhalation. We studied neuromuscular junctions in tibial nerve/flexor digitorum brevis (FDB) muscle preparations from adult, and transversus abdominis (TA) and intercostal nerves from neonatal mice.
The FDB muscle is easily dissected with a long (Ͼ1 cm) distal nerve stump attached. Muscle fibers are short (ϳ500 m), rendering them almost isopotential for intracellular recording of synaptic potentials and facilitating localization of endplates for fluorescence and electron microscopy. TA is a thin sheet of muscle, with large distinctive endplates which facilitate the observation of changes in smaller neonatal animals.
Organ Culture
Flexor digitorum brevis and tibial nerve (adult) and transversus abdominis and intercostal nerves (neonates) were dissected and placed into cold Hank's balanced salt solution (HBSS; Gibco), where they were freed of overlying muscle and connective tissue. They were pinned at approximate resting length with fine steel pins into 10-cm Sylgard-lined (Dow Corning) glass Petri dishes. Nerve/ muscle preparations were covered with M199 medium supplemented with 2.2 g/l NaHCO 3 , 1 g/LM glutamine, 10 mM HEPES, 100 international units (IU) penicillin, 100 g/ml streptomycin, 1.17 IU/ml insulin, 250 M paraaminobenzoic acid, 2 mM ␤-hydroxybutyric acid, 10 M ascorbate, 1 nM dihydrotestosterone, 0.910 mM pyruvate, 2.5 mM fructose, and 0.35 M thiamine (Wetzel and Salpeter, 1991 ) (all from Sigma). Cultures were placed in humidified 5% CO 2 /95% air at 37°C, on a rocking platform (Rocky RT-1/S/1GR; Uniequip). The preparations spent approximately equal periods submerged in and exposed from the medium. Media were changed after 1, 24, and 48 hr. Occasionally, identical preparations were cultured on the stage of the fluorescence microscope in a microperfusion chamber (Harvard Instruments). This was perfused with supplemented culture medium (as above) kept at 27°C and bubbled to equilibrium with 95% O 2 /5%CO 2 .
Morphology
For light and immunofluorescence microscopy, preparations were removed after 24 or 72 hr in culture, washed once in phosphate-buffered saline (PBS) and fixed in buffered 4% paraformaldehyde. In most cases, nerve/muscle preparations were stained for immunofluorescence microscopy. Synaptic vesicles and neurofilaments were labeled with a combination of SV2 (1:500) and NF165 (1:250) (both primary antibodies obtained from DHSB, University of Iowa). They were visualized with either Texas red-(1:200; horse anti-mouse, Vector) or fluorescein-conjugated (1:200; horse anti-mouse, Vector, or rabbit anti-mouse, DAKO) secondary antibody. Postsynaptic acetylcholine receptors were labeled with tetramethyl rhodamine isothiocyanate conjugated ␣bungarotoxin (5 g/ml, TRITC-␣-BTX; Molecular Probes, Leiden). Slides were coverslipped in 2.5% DABCO in glycerol and viewed with epifluorescence illumination. In other cases, motor endplates were vitally stained by incubating in TRITC-␣-BTX (5 g/ml in normal saline) for 3-5 min. Nerve terminals were stained by incubation in a 2-4 M solution of FM1-43 (Molecular Probes) in a depolarizing saline, with K ϩ elevated to 50 mM and Na ϩ reduced by 45 mM. After washing in normal saline, preparations were viewed with water-immersion objectives (Leitz) on an upright microscope (Zeiss) using standard FITC and TRITC filter sets. In some cases, wholemounts were stained with a combined silver/acetylcholinesterase method (Namba et al., 1967; Hopkins and Slack, 1981) . For electron microscopy, preparations were fixed in phosphate-buffered 2.5% glutaraldehyde, fixed in 1% osmium tetroxide stained with uranyl acetate and lead citrate and embedded in epoxy resin (Agar 100). Section were cut at 100 nm and viewed on a Jeol 1200S transmission electron microscope.
Nerve Section
Surgical procedures were carried out under the license authority of the UK Home Office (Edinburgh). Mice were anesthetized by inhalation of halothane anesthetic (2% in 1:1 N 2 O/O 2 ; Edinburgh). Either the tibial or sciatic nerve was exposed and a 1-2 mm section removed. Mice were killed 3-7 days later by stunning and cervical dislocation, and flexor digitorum brevis (FDB) muscle preparations were dissected.
Intracellular Recording
Some preparations of FDB and tibial nerve were cultured for up to 72 hr and then removed to a bath containing physiological saline of the following composition (in mM): Na 
Imaging
Images were captured using a Cohu 4910 CCD camera (Vista Vision, Steventon, UK) and digitized using a Scion LG3 frame grabber (Scion Corp., Frederick, MD) on an Apple Macintosh Quadra 650 microcomputer. Frames were averaged (5-200 frames) using Scion Image, and then contrast stretched, pseudocolored, and combined using Adobe Photoshop.
Quantification
Endplate Occupancy. The first fifty en-face endplates or nerve terminals encountered were assessed for endplate occupancy beginning at the top left-hand corner of a randomly oriented preparation. Partially occupied endplates we assigned by inspection to one of five classes corresponding to 75-100%, 50 -74%, 25-49%, 1-24% occupancy, or vacant. Between 50 -506 endplates from 1-8 muscles were quantified, and a mean Ϯ SEM value calculated.
Synapse Elimination. For each muscle, 25 endplates were selected at random, and the number of discreet terminals contacting each was measured. Terminals were determined to be individual and not the product of preterminal branching by carefully tracing each axon into the intramuscular nerve. This produced a value for the number of terminals per muscle fiber endplate, which could be used to calculate the percentage of fibers that were polyinnervated, or more usually the mean number of terminals per endplate (Parson et al., 1997) . The mean number of terminals per endplate was simply the value obtained by dividing the total number of endplates by the total number of nerve terminals present. This produced a value between 2 and 1; here a value of 2 represents most fibers receiving multiple innervation, and a value of 1 represents all fibers receiving a single innervating nerve terminal. Where appropriate, results are quoted as mean Ϯ SEM.
RESULTS
Wild-type Nerve Terminals From Adults Rapidly Degenerate in Organ Culture
After 48 hr in culture, preparations from CBA mice, which are wild type for the Wld s mutation, were stained for silver/cholinesterase and had no identifiable nerve terminals and very few remaining intramuscular nerves. When we examined cultures after only 16 hr, we found very few nerve terminals but considerable intramuscular nerve staining. Where terminals were present, they showed signs of in-situ breakdown typical of Wallerian degeneration (Fig. 1C) . In preparations of C57Bl/6 mice immunostained for neurofilaments and synaptic vesicles (NF/SV2), no intact nerve terminals were present (from 250 assessed), but occasionally brightly stained, granular oval-shaped bodies that did not have the appearance of synaptic boutons were visible in the vicinity of ␣BTX stained endplates (Fig. 2F ). In the electron microscope, wild-type cultures showed healthy muscle fibers and intact muscle fiber sarcomeres, but intramuscular nerves and any remaining nerve terminals were in the process of degeneration and contained organelles in late stages of disintegration (data not shown).
Wld s Mouse Neuromuscular Junctions Persist in Culture
After 48 hr in culture, Wld s muscles had a healthy striated appearance and the spiral bands of Fontana, a characteristic banding pattern of intact nerves, were clearly visible in distal nerve stumps. These features were absent in cultures of wild-type nerve/muscle preparations. Initially, we used a combined silver/cholinesterase stain to examine intramuscular nerves, nerve terminals, and endplate sites. Many intact intramuscular nerves ended in claw-like nerve terminals overlaying acetylcholinesterasepositive endplates (Fig. 1A) . Occasionally, terminals appeared blebbed, possibly a consequence of neurofilament accumulation in Wld s nerve terminals after nerve section Gillingwater et al., 2003) . The appearance of these terminals was similar to those observed in Wld s mice 3 days after nerve section in vivo (Fig. 1B) .
Electron micrographs of Wld s muscles cultured for 48 hr revealed intact muscle sarcomeres and nerve terminals, and intramuscular nerves showed normal myelination. Nerve terminal boutons had intact basal lamina and contained mitochondria and synaptic vesicles (Fig. 1D ). Indirect stimulation of distal nerve stumps resulted in gross muscle twitches and tetani (threshold, approximately 1 V; stimulus, 2-10 V; 0.1-mS pulses). Resting potentials were typically more negative than Ϫ50 mV, and any fiber that became more positive than Ϫ40 mV was not included in the analysis. Intracellular spontaneous (14 and 8 responding of 20 fibers impaled from two muscles) and evoked (12 and 5 responding of 20 fibers impaled from two muscles) responses could still be recorded from many muscle fibers after 72 hr in culture. In some cases, quantal content was sufficient to reliably trigger action potentials. In other fibers, however, the evoked responses were clearly subthreshold and sometimes failures in a train of responses were observed (Fig. 1E ). Other fibers failed completely to respond to nerve stimulation, although MEPPs were detected; in some instances these MEPPs were sufficient to trigger abortive or full-blown action potentials. We cannot rule out the possibility that the failure to evoke EPPs by nerve stimulation in such fibers was due to block of nerve conduction in the surviving axons, rather than to a reduction in the probability of evoked transmitter release. Depletion of synaptic vesicles after in vivo nerve section, however, has been reported by others (Gillingwater et al., 2003) , which may be a contributory factor.
Slow Wallerian Degeneration Mouse Nerve Terminals Undergo Asynchronous Piecemeal Retraction of Boutons in Culture
To characterize further the morphology of nerve terminals, we carried out double immunostaining for NF/SV2 and acetylcholine receptors (TRITC-␣-bungarotoxin). Preparations seemed similar to those stained with the combined silver and acetylcholinesterase method, and showed intact, NF165-labeled axons terminating in sprays of SV2-stained, synaptic boutons ( Fig. 2A) . In many of these, terminals completely occupied underlying muscle endplates as in freshly dissected preparations (Fig. 2B ). Other endplates were occupied incompletely by synaptic boutons. The range of synaptic occupancy varied: some endplates had lost one or two boutons (Fig. 2C) , whereas others had only one or two boutons remaining (Fig. 2D) . Other endplates showed occupancies intermediate to these two extremes, whereas some endplates were unoccupied by nerve terminal boutons. Quantification of the degree of partial occupancy is shown in Figure 3 . After 48 hr in culture, about 20% of endplates were fully occupied and showed no obvious morphologic differences from those in freshly dissected preparations. About 40% were partially occupied and a similar proportion (40%) were unoccupied. The entire range of endplate occupancies was observed within restricted portions of the muscle and often in different parts of the terminal arbors of single intramuscular nerve branches (Fig. 2A) . This suggests that nerve terminals withdrew asynchronously after nerve transection. By comparison, approximately 98% of endplates were fully occupied in freshly dissected preparations, which compares well with other observations in vivo (Gillingwater et al., 2002 (Gillingwater et al., , 2003 , whereas no endplates were occupied in wild-type muscles cultured for 24 hr. Significantly, we never found partially occupied endplates in wild-type cultures, even when viewed after much shorter times (6 -12 hr), or degenerative events in Wld s cultures when viewed after longer periods in culture (96 hr). We occasionally saw a partially occupied endplate where one or more boutons seemed to be in the final stages of withdrawal (Fig. 2D,E) . At these junctions, small densely stained boutons connected by slender preterminal nerve branches lay above patches of receptor staining. These club-like endings seemed very similar to the retraction bulbs of motor nerve terminals undergoing synapse elimination, e.g., during normal development (Riley, 1977) . These were apparent at intermediate (Fig. 2E) and final ( Fig. 2D) stages of terminal withdrawal.
After 72 hr of culture, very few (about 20%) endplates had any synaptic boutons associated with them. We never saw patterns of nerve terminal staining typical of classic Wallerian degeneration, however, and a few terminals still seemed wholly intact after 72 hr. By contrast, some terminals had withdrawn completely after less than 24 hr of culture, strengthening further the idea that withdrawal was occurring asynchronously in the cultures. Notably, axons in intramuscular nerves seemed to survive the loss of their terminals, as indicated by the unbeaded appearance of axons in Figure 1A .
We were interested to determine whether terminals were lost in a stereotypical manner, and carried out a qualitative assessment of the sequence of bouton loss at single nerve terminals. This indicated that synaptic boutons were lost initially from areas of endplate distal to the point of arrival of the intramuscular nerve branch (70% after 24 hr in culture). Only at a minority of endplates were proximal or intermediate areas of the terminal the first to withdraw boutons (15% in each case after 24 hr in culture). Similar values were gained after 48 hr in culture.
Slow Wallerian Degeneration Mouse Motor Nerve Terminals Can Be Imaged Repeatedly in Culture
Labeling of Wld s preparations with the vital styryl dye FM1-43 in conjunction with TRITC-␣-BTX for motor endplates revealed that motor nerve terminals were capable of releasing and recycling vesicles after periods of organ culture (Fig. 4) . When preparations were stained before culture, fluorescence of synaptic vesicles and receptors normally faded after 24 hr (due probably to spontaneous release of neurotransmitter and recycling of receptors), but we were able to restain them to approximately their original intensity with FM1-43 and TRITC-␣-BTX. The range of nerve terminal morphologies seen was similar to that observed in immunostained preparations, including partial occupancy of endplates (Fig. 4A , arrows indicate areas of unoccupied endplate). An equivalent range of morphologies has also been described after nerve section in vivo (Ribchester et al., 1998a,b) . Notably, in freshly dissected preparations, less than 1% of muscle endplates seem partially occupied.
After 24 hr of culture some previously unlabeled preparations were transferred from culture medium to physiological saline and placed onto the microscope stage. High-potassium saline was used to load nerve terminals with FM1-43. Nerve terminals were then imaged, mapped and re-imaged 2 hr later. We were able to observe the loss of some boutons from otherwise brightly labeled terminals, over a 2-hr period (Fig. 4B,C) . It is feasible that individual boutons were present at these sites but had released vesicles in advance of withdrawal and were therefore not visualized (Gillingwater, personal communication) . Our previous immunocytochemical staining, however, confirmed that boutons would ultimately be withdrawn. By contrast, in cultures from wild-type mice, we were unable to load terminals with FM1-43 by nerve stimulation or high-potassium saline after only 24 hr in culture.
Neonatal Neuromuscular Junctions Are Viable in Organ Culture and Continue to Undergo Synapse Elimination
We carried out experiments in an identical manner to those detailed above, but this time utilized neonatal mice aged between 3 and 14 days old. The same Wld s colony as above was used, whereas control animals were drawn from a sister colony of C57Bl/6 mice. Cultures of Wld s animals survived and had a similar healthy appearance to those detailed above for adult nerve and muscle, with both mononeuronally (Fig. 5A) and polyneuronally (Fig. 5A ) innervated endplates present. Both synapses and axons in cultures obtained from wild-type mice degenerated during the organ culture period (Fig. 5C) . Signs of degeneration appeared first in the intramuscular nerve at 10 hr, then spread to more distal portions of axons and finally to all nerve terminals by 30 hr. By 48 hr, only occasional fragments of terminals were visible at a minority of endplates. We speculate that these were phagocytic contents of terminal Schwann cells (Gillingwater et al., 2002) . Degeneration seemed to progress in a strictly anterograde direction, sparing terminals until the last.
Although no signs of degeneration of axons or terminals was visible in Wld s cultures, endplates seemed to be contacted by fewer nerve terminals than they were when isolated initially, and "retraction bulbs" were seen occasionally (Fig. 5D) . This raised the possibility that the normal processes of synapse maturation and elimination were continuing in vitro. The loss of terminals during this 24-hr period, might simply be due to degeneration of nerve terminal. Therefore, we first looked for evidence of degenerative changes in axons and nerve terminals in cultures of Wld s nerve and muscle as observed in cultures from wild-type mice. We saw no significant beading of axons in intramuscular nerves or evidence of synchronous degeneration of nerve terminals, characteristic of Wallerian degeneration. We next looked for denervated or partially occupied muscle endplates after culture, which would be expected if either Wallerian degeneration or piecemeal withdrawal of nerve terminals was occurring. In muscle from mice aged 5-14 days old after 24 hr in culture, we found 3.92 Ϯ 0.01% denervated endplates, and 3.91 Ϯ 0.01% after 48 hr. This was comparable to 1.75 Ϯ 0.18% denervated endplates in muscle freshly dissected from littermates of the same age. In each case, counts from single muscles were never more than 4%. We found no examples of partially occupied endplates in cultures from neonatal animals. There were, however, many endplates that were in the process of remodeling and at these endplates, coordinated changes in pre-and postsynaptic regions were always apparent. These data suggest that neither significant degeneration nor denervation of endplates was present in culture over the time frame used.
The simplest remaining explanation is that synapse elimination proceeds normally in organ cultures of Wld s nerve and muscle. To quantify this, we studied littermates to ensure parity of age. In a typical experiment, one animal was sacrificed at time zero, and one on each of 1 and Fig. 3 . Wld s motor nerve terminals are withdrawn gradually from endplates during the culture period. Quantification of endplate occupancy assessed from immunostained preparations expressed as a function of the number of days in culture. Data were collected from freshly dissected Wld s muscle or from those cultured for 24 -48 hr (as above). Bars are mean percentages Ϯ SEM (data from 100 -506 endplates from 2-10 animals at each time point). Endplate occupancy was measured in immunostained preparations and grouped in percentiles indicated. After 72 hr in culture, some terminals remain wholly intact and fully occupy muscle endplates. This suggests individual terminals are differentially resistant to effects of denervation but once initiated, withdrawal proceeds over a relatively rapid time course.
2 days later. Data from these animals was used as a control (in vivo). Two experimental animals were taken from the same litter at time zero and placed into organ culture. One was removed after 1 day and the other after 2 days in culture (ϩ1 and ϩ2 days in culture [DIC] ).This meant that we could quantify the state of innervation at time zero and after 1 and 2 days in vivo or in vitro, and could then assess rates of synapse elimination over these periods in age-matched mice. For example, a 3-day-old mouse that had been in culture for 48 hr would be classified as 5-days-old and compared to a littermate of the same age. Example data from mice aged 5, 8, and 12 days of age at the outset of the experiment are shown (Fig. 6A-C) . These experiments typically show mean data from at least four sets of age-matched littermates. In each case, the reduction in polyinnervation seen in vivo was mirrored in Fig. 5 . Neonatal Wld s neuromuscular junctions survive in organ culture. After 24 or 48 hr in organ culture, intercostal nerves and TA muscle labeled with ␣BTX and NFSV2 showed examples of mononeuronally (A, 12 days old ϩ 24 hr in culture) and polyneuronally (B, 11 days old ϩ 48 hr in culture) innervated endplates. Preparations from wild-type mice underwent rapid Wallerian degeneration during 48 hr in culture, leaving most endplates denervated and some with remnants of nerve terminals present (C, 13 days old ϩ 48 hr in culture). Morphologic evidence of ongoing synapse elimination was occasionally found, as illustrated by "retraction bulbs" (D, 12 days old ϩ 48 hr in culture), where one competing nerve terminal is in the final stages of withdrawal from a polyneuronally innervated endplate. Scale bar ϭ 10 m. vitro and as stated above, denervation was not a significant feature of these cultures. Both in vivo and in vitro, Wld s mice showed a reduction in the quantity of synaptic input to each muscle fiber.
Polyinnervation is a rather crude measure of synapse elimination, because it only takes into account the final transition from dual to mononeuronal innervation, excluding transitions from four to three and three to two inputs per single endplate. We therefore calculated the mean number of terminal inputs per muscle. Typically, 200 endplates were quantified for each data point, from left and right muscles from either three or four different animals. A value more than 2 would indicate that the majority of endplates were multi-innervated (immature), whereas a value of 1 indicates that all endplates are singly innervated (mature). Values for the mean number of terminals per endplate calculated in vivo and in vitro are shown in Figure 7 . The initial, final, and slope values were remarkably similar in all three cases examined. The rate of nerve terminal loss was calculated from the slope of least square fits of the data. In fresh muscle, the rate of terminal loss was 0.077 terminals/endplate/day, similar to the figure of 0.08 terminals/endplate/day published by others (Bixby and van Essen, 1979) . After 24 or 48 hr in culture, rates of 0.061 and 0.064 terminals/endplate/day, respectively, were obtained. These data suggest that the observed rate of synapse elimination is only slightly slower in vitro compared to that in vivo.
Cultures from wild-type muscles were different. Degenerative changes were widespread in intramuscular nerves and nerve terminals; 97.3 Ϯ 0.54% of muscle endplates were denervated after 24 hr in culture and 99.4 Ϯ 0.2% after 48 hr in culture.
Cultures from Wld s mice seemed more mature at the end of the culture period than at the outset of the experiment, immediately after isolation of the tissue. This was Fig. 6 . Nerve/muscle cultures from Wld s neonatal mice continue to undergo synapse elimination. Five mice from a single litter were used. On Day 1, one mouse was taken for immunocytochemistry, two nerve muscle preparations were placed into organ culture, and two mice remained; 24 hr later, one of the organ cultured muscles (ϩ1 day in culture (dic)) and one of the remaining mice was taken. Again after 48 hr, the final organ cultured mouse (ϩ2 (dic)) and the remaining mouse were taken. This provided an age-matched data set where chronological ages can be compared. A: From a 5-day-old data set. B: From an 8-day-old data set. C: From a 12-day-old data set. These represent extremes of ages used, but similar data was obtained at other ages studied. In each case, reduction of polyneuronal innervation in vivo is mirrored in vivo. Data is mean ϩ SEM, and represents four repeat experiments. obviously true for the state of innervation, which shifted from the neonatal pattern of polyneuronal innervation to the adult pattern of mononeuronal innervation. We also observed, however, that morphology of the muscle endplate showed changes consistent with maturation. These included alteration from a homogeneous receptor plaque to a more defined pretzel shape (Marques et al., 2000) . To investigate further, endplates were imaged repeatedly over a 48-hr period (n ϭ 10; Fig. 8 ). Changes were pronounced at all ages examined and specifically, endplates in an 11-day-old animal at the onset of culture were homogeneous and lacked structural organization (Fig. 8A) . After 48 hr, endplates were markedly different, showing distinct junctional folds and differentiation between receptor-rich and receptor-depleted areas (Fig. 8B) . Immunostaining for neurofilaments and synaptic vesicles after culture revealed intact nerve terminals (Fig. 8C) . We carried out identical experiments but utilized tissue from wild-type animals. Surprisingly, these also showed maturation over the culture period (Fig. 8D,E) , even though the few nerve terminals remaining were in a state of advanced degeneration by the end of the culture period (Fig. 8F) . Taken together, the reduction of supernumerary inputs to motor endplates and the accompanying maturation of those endplates closely resemble synapse elimination. Significantly, these motor nerve terminals are disconnected from their parent cell bodies, and no regular pattern of neural activity is present.
DISCUSSION
We have shown that both adult and neonatal nerve and muscle preparations isolated from C57Bl/Wld s mice survive for extended periods in organotypic culture. In addition, adult preparations undergo piecemeal withdrawal of nerve terminals in a fashion similar to that reported after in vivo nerve section (Gillingwater et al., 2002) . In contrast, preparations from neonatal animals did not show this sequence of events, which results ultimately in denervation as seen in adults. They instead continued to undergo synapse elimination and maturation and showed few signs of denervation up to 96 hr in culture. It is significant that in both cases, the cellular processes observed are occurring autonomous of the controlling influence of the neuronal nucleus, which is not a part of the organ culture system.
Piecemeal Retraction of Nerve Terminals Occurs in Cultures From Adult Wld
s Mice This study demonstrated that when adult Wld s muscles and transected distal nerve stumps are isolated and cultured, many neuromuscular junctions remain intact and continue to transmit for up to 72 hr. In addition, acetyl- Fig. 8 . Endplates mature during 48 hr in organ culture. Endplates from 11-day-old Wld s mouse TA muscles were labeled with ␣BTX before culture (A). Note the homogeneous plaque-like appearance of representative endplates. Endplates from same preparation re-imaged after 48 hr of organ culture (B) seemed more mature, showing perforations and distinct folds. Preparations were fixed and representative images of NF-and SV2-labeled nerve terminals were collected (C). Identical procedures were followed to collect images from 13-day-old wild-type muscle and nerve. Again, endplates matured between placing in culture (D), and 48 hr later (E). Here nerve terminals were extensively degenerated after 48 hr in culture (F). These changes have been correlated previously with increasing maturation of the endplate (Marques et al., 2000) . Scale bar ϭ 10 m.
choline receptors and synaptic vesicles continued to be recycled, as indicated by repeatable staining with ␣BTX and FM1-43. The ultrastructure of cultured adult Wld s terminals was also maintained during culture. We observed that nerve terminal boutons were withdrawn/lost progressively and not synchronously at each terminal, which resulted in variable amounts of partial occupancy of endplates, i.e., endplates with minor or major areas unoccupied by nerve terminal boutons. In contrast, piecemeal withdrawal was never observed in wild-type cultures; rather, synchronous degeneration of terminals was the norm. Such synchronous degeneration is a hallmark of Wallerian degeneration. Adult Wld s terminals never resembled the degenerating appearance of those seen in preparations isolated from wild-type mice, even after 72 hr. Sometimes, structures that resembled retraction bulbs, as described during synapse elimination were observed (Fig. 2E) .
It was not the case that after longer periods in culture all endplates were either denervated or partially occupied. We observed that some fully occupied endplates with intact nerve terminals were present at all stages of culture up to 72 hr. In addition, we always found more fully occupied and fully unoccupied endplates than partially occupied ones (Fig. 3) , and broadly similar data has been obtained in vivo (Gillingwater et al., 2003) , although at later stages after axotomy. Some terminals therefore seem more resistant to axotomy than do others, but we observed evidence of withdrawal (partial occupancy) relatively infrequently, which suggests that onset of nerve terminal retraction after axotomy in adult Wld s mice is variable, but once triggered, withdrawal occurs relatively rapidly. This could be related to differences in effective nerve stump length at each terminal (Ribchester et al., 1995a) or to relative intrinsic resistance of the terminals.
Adult Wld s mouse nerve terminals thus seem not to show slow Wallerian degeneration, but rather axotomy sets in train a cellular mechanism that includes both progressive weakening of synaptic transmission (Fig. 1E ) and synapse retraction (Gillingwater et al., 2003) . It has been suggested that neurons show compartmental degeneration after injury, whereby cell body, axon, and terminal degenerate using individual stereotypical mechanisms ). The present study shows that organ culture of Wld s mouse muscle provides the best opportunity to investigate further the underlying withdrawal mechanisms.
Synapse Elimination Proceeds in Organ Cultures
From Neonatal Wld s Mice In organ cultures of nerve and muscle from neonatal mice, polyneuronal innervation is reduced to mononeuronal innervation over the same time scale and at approximately the same rate as seen in vivo. This confirms and extends our findings in vivo where synapse elimination was monitored after nerve section in neonatal Wld s mice (Mackintosh and Ribchester, 1995; Parson et al., 1997) . We may rule out axotomy-induced retraction in this case, because almost no endplates became denervated or partially occupied, as was ultimately the case in adult wildtype cultures during 48 hr in culture. It seems instead that we were in fact monitoring ongoing synapse elimination and endplate takeover in vitro. This hypothesis could be examined utilizing continuous observation of identified polyinnervated endplates in Wld s organotypic nerve and muscle cultures, in which axons and synapses are endogenously fluorescent due to expression of fluorescent proteins (Gan et al., 2000; Keller-Peck et al., 2001) . From our studies on organ cultured nerve and muscle from neonatal Wld s mice, we have calculated a rate of nerve terminal loss of 0.062 terminals/endplate/day, which equates to a 1/18 chance of observing a retracting terminal at any given endplate during a 24-hr period.
The continuation of developmental synapse elimination in the absence of a cell body for up to 4 days in culture is unlikely to be a simple "running to completion" of processes set in train before isolation of preparations. We therefore speculate, first, centrally derived signals seem to not be of key importance in synapse elimination; rather, local processes are more important. Second, nerve terminals contain sufficient cellular machinery to regulate withdrawal of individual boutons. Notably, in agreement with the data presented in this study, others have also demonstrated that activity is not critical for synaptic maturation (Misgeld et al., 2002) . This group showed that both pre-and postsynaptic maturation can occur in the absence of neurotransmission. Further, synapse elimination can also occur in the absence of pre-and postsynaptic activity (Costanzo et al., 2000) .
In addition to this manifestation of presynaptic maturation, postsynaptic muscle fiber endplates also show changes consistent with maturation during the culture period. This is true up to 96 hr in culture; however, similar changes were seen in wild-type cultures where axons and terminals were degenerating. This suggests that receptor plaque maturation may, at least to some extent, occur independent of the nerve terminal.
The Role of the Wld s Gene Given that protracted survival of isolated distal axon stumps and nerve terminals from Wld s mice takes place in vivo and in vitro, it is surprising to find that the Wld s protein is expressed primarily in the nuclei of motor neurons but not in either myelinating or non-myelinating Schwann cells or macrophages of peripheral nerves (Mack et al., 2001 ). The Wld protein has thus far been detected in nuclei of many neuron types in the central nervous system but never in the axoplasm of either proximal or distal segments of the nerve either before or after injury (J.E. Haley, T.M. Wishart, B. Beirowski, T.H. Gillingwater, M.P. Coleman, and R.R. Ribchester, in preparation). A disconnected distal axonal stump must therefore autoregulate its own protracted survival. In other words, the nucleic Wld s protein must have a constitutive, downstream effect in the axon.
There is one important difference between in vivo and in vitro observations of the response of adult Wld s terminals to axotomy. In vivo, significant numbers of partially occupied or vacant motor endplates are rarely observed until at least 4 days after axotomy (Ribchester et al., 1995b; Mattison et al., 1996; Gillingwater et al., 2003) ; however, we found partially occupied endplates within 24 hr. The culture conditions thus accelerated withdrawal of Wld s terminals. Loss of nerve conduction also occurs more slowly in transected Wld s axons in vivo (Tsao et al., 1993 (Tsao et al., , 1994 . One possible explanation is that there are additional factors in vivo that further mitigate axotomyinduced withdrawal in this mutant, and these factors are absent from our culture medium. Alternatively, there may be factors in the culture environment that stimulate nerve terminal withdrawal in vitro that are normally absent in vivo. Terminal withdrawal was not slower in vitro than in vivo, which supports the hypothesis that slow motor terminal withdrawal in Wld s is due to intrinsic properties of axons and terminals rather than to, for example, an abnormal immune response to axotomy in vivo or to properties of support cells such as Schwann cells or fibroblasts.
Significantly, preliminary data suggest that crossbreeding Wld S mice with other mutants expressing peripheral neuropathy or forms of motoneuron disease confers a significant neuroprotective effect. For example, Samsam et al. (2003) showed a 30% reduction in axon loss in transgenic mice overexpressing the myelin protein P0, and Ferri et al. (2003) demonstrated marked rescue of phenotype in mutant pmn mice with neonatal motor neuron disease. In addition, Wld s mice are resistant to Taxol-induced peripheral neuropathy (Wang et al., 2002) . These experiments provide strong motivation to establish the mechanism of axonal and synaptic protection in Wld s mice and their utility in the development of novel geneengineering or pharmacologic strategies for treatment of nerve trauma or neurodegenerative disease.
